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The alignment of nematic liquid crystal by the Ti layer processed by 
nonlinear laser lithography 
It is well known that the alignment of liquid crystals can be realized by rubbing or 
photoalignment technologies. Recently nonlinear laser lithography was introduced as a 
fast, relatively low-cost method for large area nano-grating fabrication based on laser-
induced periodic surface structuring. In this letter for the first time the usage of the 
nonlinear laser lithography as a perspective method of the alignment of nematics was 
presented. By nonlinear laser lithography, microgrooves with about 1 μm period were 
formed on Ti layer. The microstructured Ti layer was coated with oxidianiline-
polyimide film with annealing of the polymer followed without any further processing. 
Aligning properties of microstructured Ti layers were examined with combined twist 
LC cell. The dependencies of the twist angle of LC cells and azimuthal anchoring 
energy of layers on scanning speed and power of laser beam during processing of the Ti 
layer were the focus of our studies as well. The maximum azimuthal anchoring energy, 
obtained for pure microstructured Ti layer, is comparable with photoalignment 
technology. It was found that the deposition of polyimide film on microstructured Ti 
layer leads to the gain effect of the azimuthal anchoring energy. Also, AFM study of 
aligning surfaces was carried out. 
Keywords: nonlinear laser lithography; microstructured titanium layers; polyimide; 
aligning layers; nematic liquid crystals; azimuthal anchoring energy.  
Introduction 
The alignment of liquid crystals (LCs) is important and a key condition for their 
application as a liquid with anisotropic properties. For this purpose both different 
aligning materials and various methods of their processing can be used, as 
demonstrated, for instance, in the book [1] and many reviews. [2-5] However, in present 
two main methods can be emphasized, which are used for the creation of the aligning 
layers and were well studied for further application in display technology, etc. The first 
method, used extensively for different applications in industry, is the rubbing technique 
with various materials [1,6-9] of different surfaces. [1,10] Despite the fact that the 
rubbing technology is widely used in LCD technology, however this technique has 
some shortcomings, among which are accumulation of both the static charges and dust 
particles. [4] The other method of the homogeneous aligning of LCs is a recently 
discovered photoalignment effect. [11-15] It is a real alternative method to the rubbing 
technique, because the usage of photosensitive materials, deposited on a substrate or 
dissolved in the bulk of LCs, leads to the change of the orientational order of 
photoproducts under polarized light irradiation. In this case the mechanical contact with 
the surface of a substrate, with all the shortcomings that this entails,[4] is absent. 
However, photoaligning materials often possess photodegradation, and in order to 
create a relatively large area of aligning surfaces there is a need for a long-term 
exposure and preparation of masks. As it was noted in Ref. [4], the photoalignment 
technology gives an effective control of main anchoring parameters, namely: easy 
orientation axis, pretilt angle and anchoring energy (AE). It is noted that depending on 
chemical properties of materials, [2,4] AE values of the photoaligning surfaces can be 
within a wide range 10-8 – 10-5 J/m2.  
 In the case of both methods, the formation of the aligning layers can be created 
by means of deposition of inorganic materials, by polymer-coating from different 
solutions, by using of Langmuir-Blodgett, spin-coating and dipping techniques, 
followed by polymerization and their further processing with application of a rubbing 
roll or polarized light. In addition, it should be noted that the usage of plasma beam as a 
method of processing aligning layers for the homogeneous orientation of LC was 
recently studied. [16,17] After a certain method of the processing of the aligning layers, 
it was observed that the period of the grooves structure can change within a range 100 – 
300 nm, while the amplitude (depth) of relief can be within a range 80 - 150 nm. 
[6,7,18,19] The homogeneous alignment of the LC cell was observed due to, on the one 
hand, the appearance of the anisotropic properties of aligning layers and, on the other 
hand, long-range interaction of the LC molecules in a mesophase.  
 In addition, to obtain the LC alignment by a surface with a small period (about 
235 -250 nm) of nanogrooves the e-beam lithography [20] and AFM nano-rubbing [21] 
were applied. However, the area of nanogrooves rubbed on the surface was very small, 
[20] and both methods show a very low throughput. Moreover, the nano-imprint 
lithography [22] and photolithography [23] were also used to create nanogrooves on a 
polymer surface for aligning LCs, but both techniques are complicated due to the 
preparation of masks. 
 It should be also noted that recently, the fast and high-throughput method, 
consisting of the splitting of a polymer film with further propagation of the wave front 
to induce self-assembled micro- and nanogrooves on a polymer surface (the so-called 
crack-induced grooving method), was proposed to align LCs.[24] 
 The possibility of processing of the various materials by ultrafast laser pulses for 
different applications is described in detail. [25] In this letter, for the first time we have 
made aligning layers, using a simple, relatively low-cost and high-speed method of the 
creation of a large area of high anisotropic metal-oxide periodic microstructures (the so-
called ripples) with femtosecond laser. [26] Conditionally, it can be done in one or two 
stages. Contrary to the traditional methods [1-19] of the LC alignment, at the first stage 
the processing of titanium (Ti) layer, deposited on a glass substrate, which results in the 
periodic microgrooves with certain parameters (for instance, depth, period and angle of 
direction of ripples), is realized. At the second stage, the creation of aligning surfaces 
owing to the coating of a polymer onto a layer with ~ 1 μm period of microgrooves 
without additional processing of a polymer (such as rubbing or irradiation with 
polarized light), excepts the process of polymerisation,. The calculation of AE of both 
the pure microstructured Ti layer (MSTL) and similar layer with the polymer-coated 
surface were carried out on the basis of the measurement of the twist angle in the 
combined twist LC cell. [27,28] The dependence of the calculated azimuthal AE on the 
scanning speed and laser pulse fluence (LPF) during periodic Ti surface structuring was 
studied. 
Experiment 
To measure the twist angle and calculate AE herein the idea of combined twist LC cells, 
consisting of the tested and reference substrates was used. [27-29] 
 The tested substrates are used of two types. The first type of the tested substrate 
was coated with 300 nm Ti layer and further processed by the method of nonlinear laser 
lithography (NLL), using the laser scanning with femtosecond pulse [26] (P = 350 mW, 
f = 1 MHz and I = 350 nJ). The direction of microstructures was inclined at a fixed 
angle of 8o to the one side of the substrate. 
 The second type of the tested substrate consists of the first type substrate 
additionally coated with 1-% DMF solution of oxidianiline-polyimide (ODAPI) 
(Kapton synthesized by I. Gerus, Ukraine) by means of dipping technique using 
equipment for Langmuir-Blodgett film preparation R&K (Wiesbaden, Germany). The 
second type of tested substrate was dipping into appropriable solution and further 
vertical drawing up at constant speed about 5 mm/min along direction of the 
microstructured Ti layers.  
 The reference substrate was coated with polyimide PI2555 (HD MicroSystems, 
USA) processed with the rubbing technique having strong AE W = (4 ± 1)×10-4 J/m2 for 
the certain pressure and number of times of unidirectional rubbings. [30,31] The 
rubbing was carried out at 45 degrees to one side of the substrate. The thickness of a 
gap was set to 20 – 25 μm by a Mylar spacer and measured by the interference method, 
using transmission spectra of empty LC cells. The LC cells were filled with the nematic 
LC E7 (obtained by Licrystal Merck, Germany) with twist elastic constant K22 = 6.8 pN, 
[32] at the higher temperature T = 61 oC than the temperature of the isotropic phase (TIso 
= 58 oC) and slowly (~ 0.1o C/min) cooled. 
 To measure the twist angle φ the simple scheme described in [29] was used. For 
this the output monochromatic linear-polarized light ( λ = 632.8 nm and power about 
1.5 mW) from He-Ne laser LGN-207a (Lviv, Ukraine) and a silicon photodetector (PD) 
FD-18K (Kyiv, Ukraine) with the spectral range 470 ÷ 1100 nm were chose. PD was 
connected to the oscilloscope Hewlett Packard 54602B 150MHz (USA). 
Results and discussion 
Figure 1 (a) presents the SEM image of the pure MSTL with a high degree of 
anisotropy. The dependence of the microgrooves depth A on LPF I, showed in Figure 
1 (b), has analogy with the results in Ref. [19], where the influence of exposure on the 
value of the grooves depth during the photoaligning technique was studied. The cross 
section of microgrooves of the pure MSTL obtained by AFM is shown in Figure 1 (c). 
At constant parameters of the NLL (I = 0.55 J/cm2 and υ = 1500 mm/s) by AFM study 
it is found that the certain periodic structure with an average period Λ = 0.92 μm and 
average depth A = 225 nm is formed. In contrast to methods traditionally used for the 
alignment of LCs, [6,7,18,19] where the period of microgrooves is within a range 100 - 
300 nm, it can be assumed that owing to anisotropy of MSTLs the homogeneous 
alignment of the nematic LC may be observed, however, AE of the layers will be lower. 
To estimate the order of the AE value of pure MSTLs we use the Berreman’s 
theory. [6] According to this theory, the AE depends on the depth A and period Λ of 
microgrooves, and can be written as: [6,18,19]  
 
Figure 1. (a) SEM image of the pure MSTL after processing with the NLL method. (b) 
Dependence of the average depth A on the LPF I of the pure MSTL after the NLL 
processing. The cross section of microgrooves of the Ti layer: (c) pure, possessing the 
average period Λ = 0.92 μm and average depth A = 225 nm and (d) coated with the 
ODAPI film, having the average period Λ = 0.9 μm and average depth A = 175 nm. In 
the NLL method the LPF I and scanning speed υ was 0.582 J/cm2 and 1500 mm/s, 
respectively. 
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Thus, by using both period and depth of microgrooves measured by AFM, the 
value WB of the pure MSTL reaches ~ 2.7×10-5 J/m2. This value is of order of the 
azimuthal AE of azopolymers, [2,33] photo-crosslinking materials, [2,5,34-36] and 
polyvinylcinnamate (PVCN). [35,36] According to the theory, [6] to increase the AE 
value of the pure Ti layer, it is necessary either to decrease the period, or to increase the 
depth of the microgrooves. 
However, here to increase the AE value we propose not to change the main 
parameter, such as the wavelength of a laser, resulting in the change of the 
microgrooves period, during the surface structuring with the NLL method. But we 
suggest additionally apply a coating of the ODAPI film onto the surface of the MSTL. 
As can be seen from Figure 1 (d), the average period and average depth of microgrooves 
was about 0.92 μm and 175 nm, respectively. According to Berreman’s theory,[6] the 
calculated AE value decreased to 1.7×10-5 J/m2, owing to the insignificant change of the 
average depth of microgrooves after the coating of the polymer film (Figure 1 (d)).  
Let us consider the real AE value measured experimentally, using the method of 
the combined twist LC cell. [27-29] 
The preparation of the combined twist LC cells, consisting of the tested 
substrate, having MSTLs of both types, and reference substrate with a rubbed PI2555 
layer, and measurement of the twist angle φ of the sample allow us to calculate the AE 
value (Wφ) of the aligning layer of the tested substrates. According to Ref. [27,28] the 
twist angle φ is related to the azimuthal AE Wφ as follows:  
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where d is the thickness of the LC cell, φ0 = 36o is the angle between the easy 
axes of the reference and tested substrates and φ is the measured twist angle. 
Owing to the NLL method, [26] allowing to do changes in a wide range of the 
scanning speed υ = 500 – 3000 mm/s and LPF I within a range 0.236 – 0.59 J/cm2, 
dependencies of φ(υ) and φ(I) were studied. For both types of the tested substrates, 
dependencies φ(υ) and φ(I) are shown in Figure 2(a) and Figure 2(b), respectively. As 
can be seen from Figure 2, the twist angles of the LC cell are reaching maximum values 
at a certain range of values of υ = 1300 – 2000 mm/s or I = 0.393 – 0.582 J/cm2 for 
both types of the tested substrates. 
 
 
Figure 2. Dependence of the twist angle φ of the LC cell on: (a) the scanning speed υ at 
a constant LPF I = 0.55 J/cm2 and (b) the LPF I at a constant scanning speed υ = 1500 
mm/s during the processing of the Ti layer with the NLL method. The LC cell consists 
of the tested substrate having the pure MSTL (closed “blue” squares and diamonds) and 
MSTL coated with the ODAPI film (closed “red” circles and triangles). The dashed line 
is a guide to the eye. 
 
 
The dependence of the calculated azimuthal AE of the aligning film on the 
scanning speed υ during the processing of the Ti layer, by using measured twist angles, 
is shown in Figure 3 (closed “blue” triangles). It is seen that for the pure MSTL the AE 
reaches the value ~ 4.6×10-6 J/m2, which is lower in comparison with the value, 
obtained by Berreman’s theory, [6] but it agrees nicely with the AE of photoaligning 
layers as was mentioned above. It is evident that the difference between values of 
anchoring energies, experimentally obtained with the use of the twist LC cell (Equation 
(2)) and from Berreman’s calculation, is observed due to the fact that the theory does 
not take into account the interaction between the LC molecules and aligning surface. 
The same conclusion was made for the photoaligning surfaces [37,38]. 
 
 
Figure 3. Dependence of the calculated azimuthal AE (Equation 2) of aligning films on 
the scanning speed υ during the processing of the Ti layer with the NLL method. The 
LC cell consists of the tested substrate having the pure MSTL (closed “blue” triangles) 
and MSTL coated with the ODAPI film (closed “red” spheres). The dashed line is a 
guide to the eye. 
 
 
In the case of the MSTL with the coated ODAPI film the dependence of AE on 
the scanning speed υ is shown in Figure 3 with closed “red” spheres. It is seen that 
coating of the polymer film onto the MSTL leads to the dramatic increase in the AE 
value ~ 1×10-4 J/m2. It is obvious that this azimuthal AE consists of at least two 
components, namely: on the one hand, AE, caused by the microsrtructured layer with a 
certain period and depth and, on the other hand, owing to physical and chemical 
properties of the surface of a polymer and its interaction with LC molecules. 
In addition, the influence of the LPF I during the processing of the Ti layer at a 
certain constant scanning speed υ on AE values is shown in Figure 4. As can be seen 
from Figure 4, for each constant scanning speed υ there is an optimal value of the LPF 
I when the maximal value of AE is reached. As can be seen form Figure 4(b), the gain 
of AE to the value ~ 1×10-4 J/m2 can be reached after the processing of the Ti layer with 
the scanning speed υ = 1500 mm/s and LPF I changing within a range 0.472 – 0.55 
J/cm2 and further deposition of the polymer ODAPI. It follows from Figure 4 that 
during the structuring of the Ti layer the choice of both the scanning speed and LPF 
allows changing the value of AE within a wide range ~ 10-6 – 10-4 J/m2. 
Figure 4. Dependence of the calculated azimuthal AE (Equation 2) of aligning films on 
the LPF I at constant scanning speed υ: (a) 500 mm/s, (b) 1500 mm/s and (c) 2600 
mm/s during the processing of the Ti layer with the NLL method. The LC cell consists 
of the tested substrate having the pure MSTL (closed “blue” triangles) and MSTL 
coated with the ODAPI film (closed “red” spheres). The dashed line is a guide to the 
eye. 
 
Conclusions 
In conclusion to this letter it should be noted that for the first time the NLL 
method as a new technique of the alignment of nematic liquid crystals was proposed. 
We are demonstrating the possibility of the AE increasing of the pure Ti layers, owing 
to the coating of a polymer film onto the microstructured surfaces. It was shown that the 
pure MSTL is characterized with the relatively weak AE, while the Ti surface with the 
deposited polymer films has the strong AE. It was shown that the value of AE in a wide 
range can be controlled by means of the changing at least two parameters (scanning 
speed and LPF) during the structuring of the Ti layer and further coating of a polymer 
film without additional processing. 
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Figure 1. (a) SEM image of the pure MSTL after processing with the NLL method. (b) 
Dependence of the average depth A on the LPF I of the pure MSTL after the NLL 
processing. The cross section of microgrooves of the Ti layer: (c) pure, possessing the 
average period Λ = 0.92 μm and average depth A = 225 nm and (d) coated with the 
ODAPI film, having the average period Λ = 0.9 μm and average depth A = 175 nm. In 
the NLL method the LPF I and scanning speed υ was 0.582 J/cm2 and 1500 mm/s, 
respectively. 
 
Figure 2. Dependence of the twist angle φ of the LC cell on: (a) the scanning speed υ at 
a constant LPF I = 0.55 J/cm2 and (b) the LPF I at a constant scanning speed υ = 1500 
mm/s during the processing of the Ti layer with the NLL method. The LC cell consists 
of the tested substrate having the pure MSTL (closed “blue” squares and diamonds) and 
MSTL coated with the ODAPI film (closed “red” circles and triangles). The dashed line 
is a guide to the eye. 
 
Figure 3. Dependence of the calculated azimuthal AE (Equation 2) of aligning films on 
the scanning speed υ during the processing of the Ti layer with the NLL method. The 
LC cell consists of the tested substrate having the pure MSTL (closed “blue” triangles) 
and MSTL coated with the ODAPI film (closed “red” spheres). The dashed line is a 
guide to the eye. 
 
Figure 4. Dependence of the calculated azimuthal AE (Equation 2) of aligning films on 
the LPF I at constant scanning speed υ: (a) 500 mm/s, (b) 1500 mm/s and (c) 2600 
mm/s during the processing of the Ti layer with the NLL method. The LC cell consists 
of the tested substrate having the pure MSTL (closed “blue” triangles) and MSTL 
coated with the ODAPI film (closed “red” spheres). The dashed line is a guide to the 
eye. 
 
 
 
 
